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ABSTRACT
Chromophores are an important class of compounds in Nature and industry, with several
hundred thousand tons produced annually as dyes and pigments. Alone, these compounds absorb
light unto themselves; however, several of these compounds can be combined to produce a
beneficial cascading transfer of energy to a core chromophore.
In this study, photophysical properties of several covalent and axially borondipyrromethene (BODIPY)-conjugated complexes of porphyrin and salphen scaffolds have been
evaluated in a series of emission and catalytic studies. In the porphyrin systems, a beneficial
excited energy transfer (EET) from the BODIPY moieties to the porphyrin core was observed;
however, only the covalently bound BODIPY metal complexes displayed enhanced activity in the
catalytic oxidation reactions in the presence of visible light. The BODIPY-porphyrin ligand
displayed fluorescence quenching when excited at the porphyrin or BODIPY moieties roughly
equal to 50% of the bare tetra(phenyl)porphyrin (TPP) ligand which indicated an efficient EET
from the BODIPY-antennae to the porphyrin core. The axially BODIPY-porphyrin iron(III)
complex displayed an intense green fluorescence corresponding to the BODIPY moiety due to an
electron transfer from the phenolate ligand to the porphyrin core completely quenching the
porphyrin emission. The BODIPY-salphen (L-Salphen) conjugates displayed the opposite EET
compared to the porphyrin conjugates, instead transferring energy away from the salphen core to
the BODIPY-moieties. A beneficial light effect was observed with the chromium L-Salphen
complex; however, the effect was deemed to be the cause of visible light irradiation’s ability to
destabilize the meta-stable chromium-oxo bond rather than an EET of the BODIPY-moieties to
salphen core.
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In addition, several iron(III) phthalocyanine complexes [Fe III(Pc)Cl] were synthesized and
evaluated in the catalytic oxidation of thioanisoles to compare their viability to previous
metalloporphyrin systems. The [Fe III(Pc)Cl] catalysts gave quantitative conversions of the starting
sulfides with moderate to excellent selectivity towards sulfoxide over sulfone but displayed an
unexpected sustainability towards oxidative degradation even with mild terminal oxidants, i.e.,
iodobenzene diacetate [PhI(OAc)2]. Nonetheless, efforts were made to probe the active oxospecies with PhI(OAc)2, and a putative iron(IV)-oxo radical cation was spectroscopically observed
in the systems of unsubstituted phthalocyanine [H2(Pc)] and the 1,4,5,8,9,12,13,16-(a)octabutyloxyphthalocyanine [H2(α-(OBu)8-Pc)] ligands.
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I dedicate this thesis in memory of my late grandfather, Bill Bratcher, who was the catalyst to
start this journey.
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CHAPTER 1: INTRODUCTION
1.1 Cytochrome P450
Cytochrome P450 enzymes (P450) are a large superfamily of monooxygenase enzymes
whose research spans well before their official discovery by Mueller and Miller during their
research of carcinogens in rats.1 The P450 superfamily consists of over 300,000 known P450
sequences as of 2018 with projections to reach over one millions in the coming years. 2 P450s are
found in all living things ranging from humans, animals, plants, and fungi to bacteria and archaea.
This vast range of things containing P450 enzymes as well as the unique oxidative properties that
P450s display, such as the functionalization of inert C-H bonds, 3,4 has attracted the attention of
several thousands of research groups across the globe in the collective study, development, and
application of the P450 enzymes5-8 and their biomimetics.9-14 P450s perform several life-sustaining
oxidative process in mammals of which two are above all else. 15-17 The first is the oxidation of a
variety of hydrophobic xenobiotics (drugs and poisons), steroids, and fatty acids that enter and are
naturally found within mammals to their more aqueous soluble counterparts that can be excreted
out of the mammal.3-8 The second of which is the biosynthesis of signaling molecules from steroids
in the body.18

Figure 1-1. Iron(III) protoporphyrin-IX complex linked with a proximal cysteine residue.
1

Each P450 contains a heme cofactor, shown in Figure 1-1, consisting of an iron(III)
protoporphyrin IX complex with a proximal cystine ligand that acts as an active site for the various
monooxygenase reactions catalyzed by the P450s. The importance of this thiolate ligand cannot
be overstated as it allows for the valance tautomerization of iron(III) to iron(II) facilitating
effective dioxygen binding.19,20 If for example the thiolate ligand was instead an alcoholate, then
synthetic models have shown that the effective reaction rate in catalyst turnover number frequency
decrease effectively by 39 to 130 times that of the thiolate complex. 21

Figure 1-2. CYP1A1 3-D structure with the enveloped protoporphyrin IX active site and the
substrate α-naphthoflavone. Reproduced from Walsh and co-workers. 22
2

As shown in Figure 1-2, the active site of the P450 is encapsulated in a vast array of amino
acids that facilitate the effective directing of substrates to the catalytic center in a controlled way
allowing for excellent regio- and stereoselectivities of the metabolized products. Not only does
this protein structure facilitate the directing of substrates but also provides a malleable network
that can effectively change and encapsulate a wide variety of xenobiotics.

Scheme 1-1 Cytochrome P450 catalytic cycle. Three non-productive short circuits (dashed lines):
Autooxidation (A), Peroxide shunt (P), and Oxidase (O) pathways. Recreation of Gray and
Winkler.23

3

The elucidation of the catalytic cycle and active oxo-species of the P450s has been the
subject of numerous studies with an effective representation depicted in Scheme 1-1. 23-25 The
catalytic cycle begins as the low-spin iron(III) species in Stage 1 with a coordinated water
molecule. As a substrate enters the binding site, it displaces the water molecule and facilitates the
transition of the low-spin state in Stage 1 to the high-spin state in Stage 2. A one electron transfer
from NAD(P)H via P450 reductase or an intermolecular valance tautomerization from the thiolate
ligand to the heme center transitioning the iron(III) in Stage 2 to iron(II) in Stage 3. The iron(II)
in Stage 3 can effectively bind to the dioxygen molecule forming the iron(III) dioxygen adduct in
Stage 4 which is followed by a second electron transfer producing a short-lived iron(III) peroxo
species in Stage 5 effectively dubbed Compound 0. Compound 0 is rapidly protonated and releases
a water molecule as well as forms the highly reactive iron(IV)-oxo radical cation species in Stage
6 or Compound I. A hydrogen abstraction from the substrate results in the formation of the less
reactive Compound II species in Stage 7. The hydroxylation of the substrate facilitates the
regeneration of the initial low-spin iron(III) with axial water molecule. 23,26 There are several shunts
that can occur throughout the catalytic cycle that prematurely regenerate the starting high-spin
heme complex including autooxidation of the iron(II) dioxygen adduct, the formation of hydrogen
peroxide from the iron(III) peroxide species, and the oxidation of the oxygen in the iron(IV)-oxo
radical cation.27
1.2 Biomimetic Complexes
Worldwide, the production of various oxygenated compounds is produced on the
magnitude of millions of tons throughout various industrial processes. 8,28 Transition metal
catalysts are central cores in a multitude of these processes. 13,29 The design of a majority of these
catalysts is to mimic that of the cytochrome P450 enzymes (P450s) which are the predominant
oxygenation catalysts within nature.4 This is of no surprise as the P450s with an iron
4

protoporphyrin-IX core in Figure 1-1 catalyze a variety of oxidation reactions with high reactivity
and stereoselectivity, even so far as being able to functionalize unactivated hydrocarbons (paraffins
and olefins) as shown in Scheme 1-2.3,5,6 The core of these synthetic homogeneous catalysts
typically contains one of the first-row transition metals (manganese, iron, cobalt, etc.) or another
larger viable transition metal i.e., ruthenium.

Scheme 1-2. Various monooxygenation reactions catalyzed by P450 enzymes. Modified from
Mansuy.3
The use of synthetic metalloporphyrins as oxidation catalysts dates back to 1979, in which
the first catalytic oxidation system involving a metalloporphyrin and a sacrificial oxidant
(iodosylbenzene) was developed by Groves and co-workers. 30 Within the next few years, Groves
and co-workers would head a significant number of papers that would detail the success of
synthetic metalloporphyrins as oxidation catalysts. 31,32 In 1983, Groves and co-workers would
demonstrate the potential of synthetic iron porphyrins as catalysts in the selective, catalytic
oxidation of olefins.31 To date metallophthalocyanine catalysts have profound use in aerobic
5

oxidation33-37 due to their innate ability to stabilize low-valent species that can effectively bind
molecular oxygen, but their use with terminal oxidants is limited. 38-42 The Merox process illustrates
the largest use of metallophthalocyanine catalysts present in the industry today through the
“sweetening” of crude oil.43,44

Scheme 1-3. Symmetrical substituent positions of porphyrin and phthalocyanine ligands labeled
positionally and numerically.
Porphyrin and phthalocyanine ligands are structurally similar as shown in Scheme 1-3 with
both containing a tetrapyrrolic macrocycle ring. Porphyrin catalysts are typically substituted
symmetrically with various aryl groups at the four meso positions of the macrocycle ring and in
some cases the β-pyrrolic hydrogens can be substituted with various halogens, alkyl, and even
other aryl groups.45-47 Phthalocyanine catalysts, with their four meso substituted nitrogen, prevent
the traditional aryl substitution, and instead make up for this through the multitude of substituents
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that can replace the non-peripheral (α) and peripheral (β) hydrogens of the benzo ring to form
various unique phthalocyanine ligands. These substituents can range from halogens to alkyl,
alkoxy, and aryl as well as various other hetero-atom groups (sulfur, phosphorous, etc.). 48-50
Porphyrin and phthalocyanine catalysts have varying solubility in a multitude of organic solvents
as well as water. Phthalocyanine catalysts typically suffer from H-bonding induced H-aggregation
(face-to-face) and J-aggregation (side-to-side) and π stacking that limit their solubility in several
organic solvents and water.51-53 Their solubility in organic solvents is typically remedied through
bulky substituents on the benzo ring48-50 or by using a soluble inorganic salt 54 to introduce ions to
interfere with the aggregation and π stacking. Unsubstituted phthalocyanine catalysts are only
soluble to a high degree in concentrated sulfuric acid or various strong coordinating polar, aprotic
organic solvents such as N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
tetrahydrofuran (THF).55 Porphyrins, on the other hand, are very soluble in a number of organic
solvents without the need for substituents and solubility seemingly only increases by adding
substituents to the ligand.45-47 Both porphyrin and phthalocyanine catalysts can be made watersoluble through the addition of sulfonyl or catatonic groups. 56
1.3 Photosynthetic Pigments / Light-Harvesting Complexes
Light-harvesting complexes and pigments are widely prevalent in Nature in a variety of
plant life and bacteria as they are used to absorb solar light for photosynthesis and transform it into
energy that can be used or stored.57 Several of the chromophores are highly colored due to their
highly conjugated nature as shown in Figure 1-3 and are able to effectively harvest light in the
visible spectrum as shown in Figure 1-4.58 A number of these compounds are seen in everyday life
such as chlorophyll a and b which is the green pigment in plant leaves as well as various carotene
compounds which are the pigments in many orange and red fruits and vegetables such as carrots,
peaches, plums, tomatoes, etc. Rarer, yet still important to the function of several bacteria are
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tetrapyrrolic chromophores such as phycoerythrobilin and phycocyanobilin that absorb in the
green and red region, respectively of the visible region in Figure 1-4. These chromophores transfer
energy through the Förster / fluorescence resonance energy transfer (FRET) mechanism in which
the first chromophore absorbs light in an earlier region of the visible spectrum (i.e., violet to green)
transfer the energy through fluorescence to a second chromophore that absorbs light in the region
of the first chromophore’s emission spectrum. The second chromophore absorbs the energy as long
as its emission spectrum is later in the visible spectrum (i.e., red to infrared).

Figure 1-3. Several common light-harvesting chromophores that are present in Nature.
A common way to expand the spectrum of a red or near-IR emitter chromophore is through
the use of visible fluorophores and phosphors.59-62 Through the FRET mechanism, these visible
chromophores act as donors to a red or near-IR chromophore, which acts as an acceptor. The
conditions for FRET to occur are simple in that a donor’s emission spectrum must overlap the
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acceptor’s absorption spectrum at a lower wavelength than the acceptor’s emission spectrum.
Porphyrin chromophores are ideal acceptors in that these compounds absorb throughout the visible
spectrum with an intense Soret band typically between 400 to 500 nm and emit in the red to the
near-IR region between 600 to 800 nm. These systems provide an easily accessible scaffold that
can be modified through the use of substituted benzaldehydes, substituted pyrroles, and axial
ligands.45-47 Boron dipyrrin (BODIPY) dyes provide an excellent example of donors in that these
dyes absorb and emit intensely between 500 to 700 nm, depending on the substituents on the
BODIPY core, with moderate quantum yields.62-64

Figure 1-4. Absorption spectra of several common light-harvesting chromophores present in
Nature. Chlorophyll a (green), chlorophyll b (red), β-carotene (blue), phycoerythrobilin (indigo),
and bacteriochlorophyll (black). Reproduced from Taiz and Zeiger. 58
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CHAPTER 2: EXPERIMENTAL SECTION
2.1 Materials
All organic solvents used for synthesis and purification were purchased from Oakwood
Products Inc., Sigma-Aldrich Chemical Co., or Thermo-Fisher Scientific Inc. and were of
analytical purity. All of the organic solvents were used as received unless otherwise noted. A list
of solvents is as follows: acetic anhydride (AA), acetone, acetonitrile, acetonitrile-D3,
benzotrifluoride (BTF), 1-butanol, chloroform, chloroform-D, dichloromethane, diethyl ether,
ethanol, ethyl acetate, glacial acetic acid, hexane, methanol, N,N-dimethylformamide (DMF),
nitrobenzene, propionic acid, tetrahydrofuran (THF), and 1,2,4-trichlorobenzene (1,2,4-TCB).
Pyrrole and 2-methylpyrrole was purchased from Thermo-Fisher Scientific Inc. and freshly
distilled prior to use. 4-Hydroxybenzaldehyde, trifluoroacetic acid (TFA), boron trifluoride diethyl
etherate (BF3·OEt2), triethylamine (TEA), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
anhydrous sodium sulphate, sodium hydroxide, [iron(III) 5,10,15,20-tetrakis(phenyl)porphyrin
chloride] [FeIII(TPP)Cl], terephthalaldehyde, 2-naphthol, concentrated sulfuric acid, concentrated
hydrobromic acid, lead(IV) oxide, sodium metabisulfite, triphenylphosphine, diisopropyl
azodicarboxylate

(DIAD),

magnesium

turnings,

iodine,

1,4,5,8,9,12,13,16-(α)-

octabutyloxyphthalocyanine [H2(α-(OBu)8-β-H8-Pc], sodium chloride, phthalonitrile (PN),
tetrachlorophthalonitrile (Cl4-PN), [iron(II) acetate], bis(pinacolato)diboron (B2pin2), iodobenzene
diacetate [PhI(OAc)2], thioanisole, 4-fluorothioanisole, 4-chlorothioanisole, 4-methylthioanisole,
and 4-methoxythioanisole were purchased from Oakwood Products Inc., Sigma-Aldrich Chemical
Co., or Thermo-Fisher Scientific Inc. and used as received. Substrates used for catalytic oxidations
were purified by a pass over silica gel prior to use including thioanisole, 4-fluorothioanisole, 4chlorothioanisole, 4-methylthioanisole, and 4-methoxythioanisole.
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2.2 Physical Measurements
All proton, fluorine, and boron spectra (1H-NMR, 19F-NMR, and 11B-NMR) were collected
on a JEOL JNM-ECZS 400 (1H-NMR at 400MHz, 19F-NMR at 376 MHz, and 11B-NMR at 128
MHz) FT-NMR spectrometer at 298 K using tetramethylsilane (TMS), the residual solvent, as an
internal standard. Chemical shifts for protons are reported in parts per million downfield from
TMS and are referenced to residual protium in solvent (1H-NMR: CHCl3 at 7.26 ppm or CH3CN
at 1.94 ppm). Chemical shifts for fluorine are reported in parts per million referenced to
benzotrifluoride in solvent (19F-NMR: CHCl3 at -62.61 ppm).65 Chemical shifts for boron are
reported in parts per million referenced to bis(pinacolato)diboron in solvent ( 11B-NMR: CHCl3 at
30.50 ppm).66 An Agilent 8453 diode array spectrophotometer was used to record UV-vis spectra.
A PerkinElmer LS-55 fluorescence spectrometer was used to record the fluorescence spectra. Gas
chromatography-mass spectrometry (GC-MS) analysis were performed on an Agilent
GC7820A/MS5975, coupled with an auto sample injector, using an Agilent DB-5 capillary
column.
2.3 Methods
2.3.1 General Procedure for Photophysical Studies
In general, 2 mL of a freshly prepared stock solution consisting of the desired fluorophore
in a dry solvent at a concentration of 1x10-6 M was added to a 4-sided 1 cm quartz cuvette and
stoppered with a Teflon cap. The sample was placed in the sample holder of the LS-55 and shielded
from external light before each emission spectra was taken. Each fluorescence spectrum was taken
at room temperature, with a slit with of ±5 nm, and a scan rate of 100 nm / min.
Stock solution preparation: Approximately 2-3 milligrams of a compound were added to
a 1-dram vial and dissolved in a ratio of 1 mg of compound to 200 μL of dichloromethane added
via a 250 μL syringe. Then 1 μmol of compound dissolved in dichloromethane was added to a 10
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mL volumetric flask before being diluted to 10 mL to produce a 1x10 -4 M stock solution. If a
porphyrin free ligand was used, 100 μL of triethylamine was added to the flask before the dilution
to neutralize any acid leftover from the synthesis. This was essential as the protonated porphyrin
ligands had their fluorescence intensity heavily quenched compared to the neutral ligands. The
solution was transferred to a 3-dram vial before 100 μL was removed, added to the 10 mL
volumetric flask, and diluted to the 10 mL mark to produce a 1x10 -6 M stock solution. The new
stock was transferred to a separate 3-dram vial to be used for the fluorescence study. If the 1x10 -6
M solution was too concentrated for the fluorimeter, 200 μL of the stock was transferred to a 4 mL
cuvette and diluted to 2 mL to give a 1x10-7 M solution.
2.3.2 General Procedure for Catalytic Oxidations
In general, each reaction was carried out in a dram vial at room temperature (23 ± 2 °C) in
methanol (2 mL) with a catalyst (1 μmol), a thioanisole (0.5 mmol), iodobenzene diacetate
[PhI(OAc)2] (0.75 mmol), and water (0.5 mmol). An internal standard of 1,2,4-trichlorobenzene
(0.1 mmol) was added before beginning the oxidation of a thioanisole as no reaction occurred to
it throughout. A trace amount of water was shown to significantly enhance the rate of oxidation
reactions with PhI(OAc)2 and metalloporphyrins / metallocorroles as demonstrated previously by
Nam and co-workers.67-70 Previous results on the oxidation of sulfides with metalloporphyrins and
metallocorroles suggested that methanol would be an optimal solvent that resulted in the fastest
reaction with high conversion and selectivity for sulfoxide over sulfone as documented in several
publications from our research group.70-72 A detailed procedure for the preparation of the catalyst
prior to the reaction as well as the procedure for the catalytic oxidation of thioanisoles with
metallophthalocyanines is detailed below.
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Catalyst stock solution: Approximately 5 milligrams of an [iron(III) phthalocyanine
chloride] [FeIII(Pc)Cl] catalyst (9a - d) was weighed out into a 1-dram vial, before a solvent (DMF
for 9a and 9b or dichloromethane for 9c and 9d) was added to dissolve the catalyst to give a ratio
of 1 μmol of catalyst to 100 μL of solvent.
General reaction: A catalyst (9a - d) (1 μmol in 100 μL of solvent), a thioanisole (0.5
mmol), water (0.5 mmol), and 1,2,4-trichlorobenzene (0.1 mmol) added as an internal standard to
a 1-dram vial. PhI(OAc)2 (0.75 mmol) and methanol (2 mL) were added to a separate 1-dram vial
and sonicated until the PhI(OAc)2 was completely dissolved. To begin the reaction, the solution
containing the PhI(OAc)2 was taken up into a syringe and added to the initial vial. The reaction
was allowed to react for a total of 2 hours with aliquots of 10 μL taken and diluted into 1 mL of
ethyl acetate at specific time intervals for analysis with a GC-MS.
2.3.3 Pyrrole Purification
Commercially available pyrrole was distilled prior to use. Approximately 10 mL of pyrrole
or 5 mL of 2-methylpyrrole was placed in a 25 mL round-bottom flask containing a stir bar. A
jacketed short-path distillation condenser with thermometer was fitted to the round-bottom flask.
The round-bottom flask was placed within a heating mantle and the pyrrole or 2-methylpyrrole
was heated to its boiling point (~130°C or ~150°C, respectively). A heat gun was used to increase
the temperature in the jacketed condenser to ensure a continuous flow of distilled pyrrole. The first
drops of condensate were discarded to ensure purity and the resulting freshly-distilled, colorless
pyrrole was then collected for use in synthesis of the porphyrin free ligands.
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2.4. BODIPY-Phenolate Axially Coordinated Metalloporphyrin
2.4.1. 4,4-Difluoro-8-(4-hydroxyphenyl)-3,5-dimethyl-4-bora-3a,4a-diaza-s-indacene (1)

Scheme 2-1. Synthesis of Phenolic-BODIPY Derivative.
The synthesis of the Phenolic-BODIPY was based on a modified procedure of the one
used by Liu and co-workers as shown in Scheme 2-1.73,74 4-Hydroxybenzaldehyde (122.12 mg,
2.5 mmol, 1 equiv.) and trifluoroacetic acid (20 μL, 0.25 mmol, 0.1 equiv.) were dissolved in
dichloromethane (50 mL, 0.05 M) in a 100 mL round bottom flask. The flask was shielded from
light with aluminum foil stoppered with a rubber septum, and the solution was degassed for 10
min with argon. 2-Methylpyrrole (450 μL, 5.225 mmol, 2.09 equiv.) was added dropwise to the
solution and stirred for 1 h at room temperature. After the time elapsed, triethylamine (70 μL, 0.5
mmol, 0.2 equiv.) was added to neutralize the acid catalyst. The solution was then cooled to 0 °C
in an ice bath, DDQ (567.5 mg, 2.5 mmol, 1 equiv.) was added, and stirred for 1 h. After the
oxidation had completed, triethylamine (1.05 mL, 7.5 mmol, 3 equiv.) was added to the mixture
and allowed to stir for 30 min before BF3·OEt2 (1.55 mL, 12.5 mmol, 5 equiv.) was added. The
solution was then stirred and allowed to warm to room temperature over the course of 3 h. The
solution was then diluted with water (50 mL), added to a separatory funnel, and washed with water
(2 x 50 mL). The organic layer was dried over anhydrous sodium sulfate and the solvent was
evaporated. The residue was then dissolved in a minimal amount of dichloromethane and loaded
onto a wet silica column before being eluted with a mixture of dichloromethane : hexane (2:1,
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v/v) to yield a tangerine powder. The powder was characterized by UV-Vis, 1H-NMR, 19F-NMR,
and 11B-NMR. All of which were consistent with literature values of the title compound. 73,74
4,4-Difluoro-8-(4-hydroxyphenyl)-3,5-dimethyl-4-bora-3a,4a-diaza-s-indacene
8-(4-Ph-OH)-3,5-Me2-BODIPY (1) Yield = 160.3 mg (20.54%)

MW = 312.13

UV-vis (CH2Cl2) λmax/nm: 308, 512. (Figure 2-1A)
1

H-NMR (400 MHz, CDCl3): δ, ppm: 2.64 (s, 6H, CH3-H), 6.26 (d, 2H, β-pyrrole-H), 6.74 (d, 2H,

β-pyrrole-H), 7.37 (d, 2H, o-Ar-H), 6.93 (d, 2H, m-Ar-H), 5.00 (s, 1H, OH-H);
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F-NMR (376

MHz, CDCl3): δ, ppm: -147.46 (q, 2F, BF2-F); 11B-NMR (128 MHz, CDCl3): δ, ppm: -0.04 (t, 1B,
BF2-B).
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1.0
0.8
0.6
0.4
0.2
0.0
300

400
500
600
Wavelength (nm)

700

Figure 2-1. (A) The UV-vis spectrum of Phenolic-BODIPY 1 in CH2Cl2. (B) Diagram of
Compound 1 with protons labeled for Figure 2-2.
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Figure 2-2. The 1H-NMR spectrum of Phenolic-BODIPY 1 in CDCl3. Each X denotes a solvent
impurity which is from left to right: chloroform, dichloromethane, acetone, water.

Figure 2-3. (A) The 19F-NMR spectrum of Compound 1 in CDCl3; (B) The 11B-NMR spectrum
of Compound 1 in CDCl3.
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2.4.2. Iron(III) [tetrakis-5,10,15,20-(phenyl)porphyrin] (4,4-difluoro-8-(4-hydroxyphenyl)3,5-dimethyl-4-bora-3a,4a-diaza-s-indacenato)] (2)

Scheme 2-2. Synthesis of Metalloporphyrin BODIPY-Phenolate Assembly.
[Iron(III) 5,10,15,20-tetrakis(phenyl) porphyrin chloride] (100 mg, 0.142 mmol, 1 equiv.)
and Phenolic-BODIPY 1 (88.7 mg, 0.284 mmol, 2 equiv.) were added to a 25 mL round bottom
flask and dissolved in chloroform (10 mL). Sodium hydroxide (11.36 mg, 0.284 mmol, 2 equiv.)
was dissolved in methanol (5 mL) and added dropwise to the flask. The reaction was stirred for 3
h, before water (10 mL) was added to quench the reaction. The mixture was added to a separatory
funnel, washed with water (2 x 10 mL), and the organic layer was dried over anhydrous sodium
sulphate. The solvent was removed under reduced pressure, the residue was dissolved in
chloroform (2 mL), layered with n-hexane (16 mL), and left over the weekend to form black
crystals with a green glimmer that were of X-ray diffraction quality.
Iron(III)

[tetrakis-5,10,15,20-(phenyl)porphyrin]

(4,4-difluoro-8-(4-hydroxyphenyl)-3,5-

dimethyl-4-bora-3a,4a-diaza-s-indacenato)
[FeIII(TPP)(8-(4-O-Ph)-BODIPY)] (2) Yield = 98.4 mg (70.74%)
UV-vis (CH2Cl2) λmax/nm: 338, 414 (Soret), 509. (Figure 2-4)
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MW = 979.70
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Figure 2-4. The UV-vis spectrum of Compound 2 in CH2Cl2.

Figure 2-5. The top-view of the crystal structure of Compound 2.
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700

Figure 2-6. The side view of the crystal structure of Compound 2.
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2.5. Light-Harvesting Cationic (BNAX) Aldehyde
2.5.1. Synthesis of 14-Aryl-Dibenzo[a,j]xanthenes (3)

Scheme 2-3. Synthesis of 14-Aryl-14H-Dibenzo[a,j]xanthenes.
The synthesis of 14-aryl-dibenzo[a,j]xanthenes was accomplished based on a small insert
in a paper by Mohammadiannejad and co-workers as shown in Scheme 2-3. 75 Terephthalaldehyde
(2.6826 g, 20 mmol, 1 equiv.) and 2-naphthol (5.7668 g, 40 mmol, 2 equiv.) were added to a 200
mL round bottom flask and dissolved in benzotrifluoride or chloroform (100 mL). Concentrated
sulfuric acid (20 drops, 1 drop per mmol of aldehyde) was added as a catalyst, the mixture was
heated to a reflux, and maintained for 5 h. The product precipitated as a light-pink solid as the
reaction proceeded. The mixture was then cooled to room temperature, the solvent was removed
under reduced pressure, methanol or ethanol (50 mL) was added to the flask, and the contents were
filtered. The residue was washed with methanol or ethanol (2 x 25 mL) before being dried on the
pump. The compound was then characterized by 1H-NMR, matching literature values.75
14-(4-Benzaldehyde)-14H-dibenzo[a,j]xanthene
14-(4-CHO-Ph)-14H-DBXan (3) Yield = 7.2204 g (93.42%)
1

MW = 386.45

H-NMR (400 MHz, CDCl3): δ, ppm: 6.57 (s, 1H, CH-H), 7.84 (d, 2H, α-Naphtho-H), 7.42 (t, 2H,

β-Naphtho-H), 7.58 (t, 2H, β-Naphtho-H), 8.32 (d, 2H, α-Naphtho-H), 7.70 (d, 2H, α-Naphtho-H),
7.66 (d, 2H, β-Naphtho-H), 7.82 (d, 2H, m-Ar-H), 7.50 (d, 2H, o-Ar-H), 9.78 (s, 1H, CHO-H).
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Figure 2-7. Diagram of Compound 3 with protons labeled for Figure 2-8.

Figure 2-8. The 1H-NMR spectrum of Compound 3 in CDCl3. Each X denotes a solvent impurity
which is from left to right: chloroform, methanol, water, methanol.
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2.5.2. Oxidation and Dehydration of 14-Aryl-14H-Dibenzo[a,j]xanthenes (4 and 5)

Scheme 2-4. Oxidation and dehydration of 14-Aryl-14H-Dibenzo[a,j]xanthenes.
Oxidation: The oxidation and dehydration of 14-Aryl-Dibenzo[a,j]xanthenes was based on
a modified procedure of the one used by Wu and co-workers as shown in Scheme 2-4. 76,77
Compound 3 (6.9651 g, 18 mmol, 1 equiv.) and lead(IV) oxide (8.6112 g, 36 mmol., 2 equiv.)
were added to a 500 mL three-necked round bottom flask and dissolved in glacial acetic acid (180
mL). The mixture was brought to a reflux, held for 3 h, and then cooled to room temperature. The
cooled mixture was filtered to remove the leftover lead(IV) oxide. Methanol (25 mL) was added
to the filtrate to precipitate any unreacted starting material and filtered off. The unreacted starting
material was then collected for repeat reactions. The filtrate was then poured into an equal amount
of deionized water (180 mL) to precipitate the product as a light tan solid and collected by
filtration. The crude product was then suspended in saturated sodium bicarbonate solution (25 mL)
and filtered before being washed with water (2 x 25 mL). The residue was dried under vacuum
and was used for the next step without further characterization.
Note 1: The use of 2 equiv. of lead(IV) oxide instead of 1.5 equiv. resulted in a small product gain
(≈ 5%).
Note 2: Extending the reflux period to 5 h resulted in minimal product gain (≤ 0.5%).
14-(4-Benzaldehyde)-14H-dibenzo[a,j]xanthen-14-ol
14-(4-CHO-Ph)-14H-DBXan-14-ol (4) Yield = 5.7967 g (80.02%)
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MW = 402.45

Dehydration: Compound 4 (5.6342 g, 14 mmol, 1 equiv.) was added to a 200 mL round
bottom flask and dissolved in an acetic anhydride : ethyl acetate mixture (2:3, 70 mL). The flask
was placed in an ice bath and cooled to 0 °C. Hydrobromic acid (7.7 mL of 48%, ca. 70 mmol, ca.
5 equiv.) was added dropwise to the mixture in order to not exceed 5 °C. The product began to
precipitate immediately upon the addition of the acid as a dark red solid with a gold / green
glimmer. The mixture was left in the ice bath and stirred for 1 h after the addition of the acid to
allow for all the product the precipitate. The precipitate was filtered, washed with ethyl acetate (2
x 25 mL), and dried on the pump before being characterized by UV-Vis and 1H-NMR.
Note 1: The amount of acetic anhydride used should be greater than or equal to the amount of
water that was produced as a byproduct of the reaction as well as the extra water added through
the addition of the mineral acid.
Note 2: The product produced was extremely sensitive to water and alcohol if introduced into the
reaction or used during washing steps. The product reverts back to the starting material, or an
alcohol adduct upon exposure to excess. The product was stable to the air and can be stored without
use of an inert atmosphere.
14-(4-Benzaldehyde)-dibenzo[a,j]xanthenylium bromide
[14-(4-CHO-Ph)-14H-DBX]+Br- (5) Yield = 5.5429 g (85.08%)

MW = 465.35

UV-vis (CH2Cl2) λmax/nm: 312, 514. (Figure 2-9A)
1

H-NMR (400 MHz, CDCN): δ, ppm: 7.23 (d, 2H, α-Naphtho-H), 7.47 (t, 2H, β-Naphtho-H), 7.80

(t, 2H, β-Naphtho-H), 8.29 (d, 2H, α-Naphtho-H), 8.27 (d, 2H, α-Naphtho-H), 8.89 (d, 2H, βNaphtho-H), 8.38 (d, 2H, m-Ar-H), 7.81 (d, 2H, o-Ar-H), 10.31 (s, 1H, CHO-H).

23

Normalized Absorbance (NU)

A 1.6

B

1.2
O

0.8

H
b
c

e
f

0.4

a

d

g
h

0.0
300

400
500
600
Wavelength (nm)

i

700

O Br

+

Figure 2-9. (A) The UV-vis spectrum of Compound 5 (red) in CH2Cl2. (B) Diagram of Compound
5 with protons labeled for Figure 2-10.

Figure 2-10. The 1H-NMR spectrum of Compound 5 in CD3CN. Each X denotes a solvent
impurity which is from left to right: hydrobromic acid, acetonitrile.
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2.5.3. Photocyclization of 14-Aryl-Dibenzo[a,j]xanthenylium Bromide (6)

Scheme 2-5. Photocyclization of 14-Aryl-Dibenzo[a,j]xanthenylium Bromide.
The photocyclization of 14-aryl-dibenzo[a,j] xanthenylium bromides was based on a
modified procedure of the one used by Wu and co-workers as shown in Scheme 2-6. 76,77
Compound 5 (698.0 mg, 1.5 mmol) was added to a 100 mL round bottom flask and dissolved in
dry acetonitrile (75 mL). The flask was fitted with an air condenser, placed in a Rayonet photo
reactor (λmax = 420 nm), and stirred for 3 to 4 days with constant light irradiation. After the desired
time had elapsed, the product had precipitated as a royal purple solid. The precipitate was filtered
and washed with acetonitrile (10 mL) before being dried on the pump. The dried product was then
characterized by UV-Vis and 1H-NMR.
Note 1: The transition from the starting material to the product was observed through UV-Vis to
be stepwise as shown in Figure 2-12.
Note 2: After completion of the first and second photocyclizations, the intermediate and product
are no longer water or alcohol sensitive.
7-Formyl-benzo[5,6]naphthaceno[1,12,11,10-jklmna]xanthylium bromide
[7-CHO-BNAX]+Br- (6) Yield = 626.6 mg (89.77%)
UV-vis (CH2Cl2) λmax/nm: 324, 342, 439, 547, 583. (Figure 2-11A)
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Figure 2-11. (A) The UV-vis spectrum of Compound 6 (green) in CH2Cl2; (B) The aromatic region
of the 1H-NMR spectrum of Compound 6 in CD3OD.
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Figure 2-12. The UV-vis spectrum of Compound 4 (red), the intermediate (yellow), and
Compound 6 (green) in CH2Cl2.
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2.6. Phthalocyanine Ligands and Iron Complexes
2.6.1. 2,3-Dichloro-5,6-dicyano-1,4-hydroquinone (DDHQ)

Scheme 2-6. Reduction of DDQ to DDHQ.
The reduction of DDQ to DDHQ was carried out following the method detailed by Fox
and co-workers or Matsunami and co-workers as illustrated in Scheme 2-8, 78,79 but has been around
as early as 1988 described briefly by Cook and co-workers. 80 DDQ (5.0 g, 22 mmol, 1 equiv.) was
added to a 200 mL round bottom flask, the residue was washed from the sides of the flask with
diethyl ether or toluene (22 mL), and the mixture was stirred until dissolution. An aqueous solution
of sodium metabisulfite (6.28 g in 66 mL of water, 33 mmol, 1.5 equiv.) was added to the solution
in one portion, the product immediately began to precipitate, and the mixture was allowed to stir
for 1 hour. The resulting precipitate was diluted with an equal amount of water (88 mL), filtered
into a large Büchner funnel, washed with water (2 x 25 mL), then hexane (2 x 25 mL), before
being dried thoroughly on the pump. The desired compound was obtained as a slightly off-white
powder in quantitative yield and could have been recrystallized from aqueous acetone, if desired.
Note 1: The potential concern of the hydrolysis of DDQ with water into hydrogen cyanide was
thought to be present, but no gas evolution was observed even in prolonged reactions.
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2.6.2. Synthesis of 3,6-Dibutyloxy-4,5-Dichlorophthalonitrile by the Mitsunobu Reaction

Scheme 2-7. Synthesis of 3,6-dibutyloxy-4,5-dichlorophthalonitrile by the Mitsunobu reaction.
The conversion of a 2,3-dicyano-1,4-hydroquinone to a 3,6-dialkoxyphthalonitrile was
carried out following the method described by Cook and Heeney illustrated in Scheme 2-9. 81 To a
100 mL round bottom flask, DDHQ (2.290 g, 10 mmol, 1 equiv.), triphenylphosphine (2.4 equiv.,
2.518 g, 24 mmol), and 1-butanol (2.6 equiv., 2.380 mL, 1.928 g, 26 mmol) were dissolved in THF
(100 mL) and cooled to 0 °C. To the mixture, diisopropyl azodicarboxylate (DIAD) (2.7 equiv.,
5.316 mL, 5.460 g, 27 mmol) was added dropwise over the course of 15 - 30 min. The solution
was allowed to warm to room temperature and was stirred for an additional 10 - 16 h. The THF
was removed under reduced pressure to give a dark red oil, which was then dissolved in diethyl
ether (50 mL). The solution was filtered to remove undissolved triphenylphosphine oxide,
concentrated, and separated by column chromatography on wet silica (eluent: CH 2Cl2 / hexane
1:2). The product was characterized by 1H-NMR to determine the lack of the hydroxy proton as
well as the shifts relative to 1-butanol.
3,6-Dibutyloxy-4,5-Dichlorophthalonitrile
3,6-(OBu)2-4,5-Cl2PN Yield = 2.7517 g (80.64%)
1

MW = 341.23

H-NMR (400 MHz, CDCl3): δ, ppm: 4.20 (t, 4H, CH2-H), 1.85 (m, 4H, CH2-H), 1.54 (m, 4H,

CH2-H), 0.98 (t, 6H, CH3-H).
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Figure 2-13. Diagram of 3,6-(OBu)2-4,5-Cl2PN with protons labeled for Figure 2-14.

Figure 2-14. The 1H-NMR spectrum of 3,6-(OBu)2-4,5-Cl2PN in CDCl3. Each X denotes a solvent
or other impurity which is from left to right: DIAD, water, DIAD.
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2.6.3. Synthesis of Phthalocyanine Free Ligand through Magnesium Intermediate (8)
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Scheme 2-8. Magnesium mediated method of phthalocyanine synthesis.
Magnesium Phthalocyanine: The synthesis of metal-free phthalocyanines through the use
of a magnesium phthalocyanine intermediate with subsequent demetallation in based on a
modified procedure used by Ghazal and co-workers as shown in Scheme 2-10. 82 Magnesium
turnings (243.1 mg, 10 mmol, 10 equiv.), iodine (253.8, 1 mmol, 1 equiv.), and anhydrous 1butanol (5 mL) were added to a 25 mL three-necked round bottom flask fitted with a reflux
condenser and two glass stoppers. The mixture was refluxed for 2 to 4 h to prepare magnesium
butoxide. The formation of the Grignard reagent was evident through the consumption of the
turnings as well as the conversion of a free-flowing mixture to a thick slurry. 3,6-Dibutyloxy-4,5dichlorophthalonitrile (341.2 mg, 1 mmol, 1 equiv.) was added directly to the slurry through one
of the side-necks and the reflux was continued for 3 to 4 h. The slurry should immediately begin
changing colors from white / grey to green, before settling on a brighter shade of green as the
formation of the magnesium phthalocyanine continues. The mixture was cooled to room
temperature before a mixture of methanol : water (1:4, 5 mL) was added to the solution to
precipitate the intermediate and quench any remaining Grignard reagent. The mixture was stirred
for 30 min before being filtered, washed with methanol (2 x 10 mL), water (2 x 10 mL), and dried
under vacuum. The intermediate was used immediately for the next step without further
characterization or purification.
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Demetallation of Magnesium Phthalocyanine: The magnesium intermediate was added
back to the 25 mL round bottom flask, dissolved in hydrochloric acid (6 M, 5 mL), stirred for 1 h.
The solution was poured into a mixture of methanol : water (1:4, 10 mL), stirred for 1 h to
precipitate the metal-free phthalocyanine, and filtered. The residue was washed with water (2 x 10
mL), methanol (2 x 10 mL), and dried thoroughly under vacuum to yield a bright green powder
and characterized by UV-Vis and 1H-NMR.
1,4,5,8,9,12,13,16-(α)-Octabutyloxyphthalocyanine
[H2(α-(OBu)8-β-H8-Pc)] (8c) Commercial Ligand

MW = 1091.41

UV-vis (CH2Cl2) λmax/nm: 331, 769, 882. (Figure 2-14A)
1

H-NMR (400 MHz, CDCl3): δ, ppm: 0.22 (s, 2H, NH-H), 7.57 (s, 8H, β-Phthalo-H 4.83 (t, 16H,

CH2-H), 2.22 (m, 16H, CH2-H), 1.59 (m, 16H, CH2-H), 1.05 (t, 24H, CH3-H).
1,4,5,8,9,12,13,16-(α)-Octabutyloxy-2,3,6,7,10,11,14,15-(β)-Octachlorophthalocyanine
[H2(α-(OBu)8-β-Cl8-Pc)] (8d) Yield = 208.8 mg (61.10 %)

MW = 1366.95

UV-vis (CH2Cl2) λmax/nm: 419, 652, 726, 851. (Figure 2-14B)
1

H-NMR (400 MHz, CDCl3): δ, ppm: 0.20 (s, 2H, NH-H), 4.80 (t, 16H, CH2-H), 2.20 (m, 16H,

CH2-H), 1.58 (m, 16H, CH2-H), 1.00 (t, 24H, CH3-H).
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Figure 2-15. (A) The UV-vis spectrum of Compound 8c in CH2Cl2; (B) The UV-vis spectrum of
Compound 8d in CH2Cl2.

A

B

Figure 2-16. (A) Diagram of Compound 8c with protons labeled for Figure 2-16. (B) Diagram of
Compound 8d with protons labeled for Figure 2-17.
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Figure 2-17. The 1H-NMR spectrum of Compound 8c in CDCl3. The X denotes a solvent impurity
which is water.

Figure 2-18. The 1H-NMR spectrum of Compound 8d in CDCl3. The X denotes a solvent impurity
which is water.
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2.6.4. Iron (III) Phthalocyanine Chlorides [FeIII(Pc)Cl] (9)

Scheme 2-9. Direct synthesis of iron phthalocyanine chloride.
Direct Metalation: Phthalonitrile (256.3 mg, 2 mmol, 1 equiv.) or tetrachlorophthalonitrile
(531.8 mg, 2 mmol, 1 equiv.), iron(II) acetate [Fe II(OAc)2] (69.7 mg, 0.55 mmol, 0.275 equiv.),
and 1,2,4-tichlorobenzene (5 mL, 2.5 mL per 1 mmol of phthalonitrile) were added to 25 mL round
bottom flask. The contents of the flask were stirred and heated to a gentle reflux for 3 hours (Iron:
A color change from colorless / light pink to green / blue, settling on teal to dark green), before
being allowed to cool to room temperature. The contents of the flask were then diluted with an
equal volume of ethanol (5 mL) and stirred for 30 minutes to completely precipitate the product
before being filtered. The precipitate was washed with water (2 x 10 mL), to remove any remaining
metal salt, ethanol (2 x 10 mL), and n-hexane (2 x 10 mL) to remove any non-polar byproducts
i.e., polychlorobiphenyls from 1,2,4-trichlorobenzene, before the product was thoroughly dried on
the pump to give a dark green powder. The UV-Vis spectrum of the unsubstituted iron(III)
phthalocyanine chloride was compared to that of an authentic sample purchased from SigmaAldrich Chemical Co. The metallophthalocyanines produced were insoluble or sparingly soluble
in a variety of organic solvents and 1H-NMR or 13C-NMR spectra were impossible to obtain.
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Scheme 2-10. Iron insertion into soluble phthalocyanine ligands
Metalation of Highly-Soluble Ligands: Unlike other phthalocyanine ligands (Compounds
8a and 8b) which are typically insoluble in numerous common organic solvents due to stacking
and aggregation, Compounds 8c and 8d were unique in that both are readily soluble in organic
solvents at room temperature such as, dichloromethane (DCM), chloroform, and even n-hexane,
but relatively insoluble in polar protic solvents such as methanol and ethanol. Taking the unique
solubility of α-octabutyloxyphthalocyanine into account, a modified procedure of Borovkov and
co-workeers for fast and efficient metal insertion of iron as illustrated in Scheme 2-12. 83
Compound 8c (109.1 mg, 0.1 mmol, 1 equiv.) or Compound 8d (136.7 mg, 0.1 mmol, 1 equiv.)
was added to a 50 mL round bottom flask and suspended in ethanol (10 mL). The solution was
heated to reflux before an excess of iron(II) chloride [Fe IICl2] (126.8 mg, 1.0 mmol, 10 equiv.) was
added to the flask. The reaction was allowed to reflux for 1 h before the flask was cooled to room
temperature, diluted with a saturated solution of lithium or sodium chloride (10 mL), and stirred
for 30 min to guarantee the chlorine ligand in the final product. The products were then vacuum
filtered, washed with water (2 x 10 mL), ethanol (2 x 10 mL), and dried thoroughly under vacuum
to give dark blue or black powders. The products obtained were characterized by UV-Vis with
Compound 9c and 9d compared to Compounds 8c and 8d, respectively.

35

Iron(III) Phthalocyanine Chloride
[FeIII(H16-Pc)Cl] (9a) Yield = 212.8 mg (70.48%)

MW = 603.82

UV-vis (DMF) λmax/nm: 329, 661. (Figure 2-18A)
Iron(III) Hexadecachlorophthalocyanine Chloride
[FeIII(Cl16-Pc)Cl] (9b) Yield = 358.5 mg (62.08%)

MW = 1154.94

UV-vis (DMF) λmax/nm: 380, 478, 618, 684. (Figure 2-18B)
Iron(III) 1,4,5,8,9,12,13,16-(α)-Octabutyloxyphthalocyanine Chloride
[FeIII(α-(OBu)8-β-H8-Pc)Cl] (9c) Yield = 118.1 mg (100%)

MW = 1180.67

UV-vis (CH2Cl2) λmax/nm: 311, 361, 574, 828, 886. (Figure 2-19A)
Iron(III) 2,3,6,7,10,11,14,15-(β)-Octachloro-1,4,5,8,9,12,13,16-(α)Octabutyloxyphthalocyanine Chloride
[FeIII(α-(OBu)8-β-Cl8-Pc)Cl] (9d) Yield = 145.6 mg (100%)

MW = 1456.23

UV-vis (CH2Cl2) λmax/nm: 325, 358, 780, 830. (Figure 2-19B)

B 1.2
Normalized Absorbance (AU)

Normalized Absorbance (AU)

A 1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.0
0.8
0.6
0.4
0.2
0.0

300

400

500 600 700
Wavelength (nm)

800

300

400

500
600
700
Wavelength (nm)

800

Figure 2-19. (A) The UV-vis spectrum of Compound 9a in DMF; (B) The UV-vis spectrum of
Compound 9d in DMF.
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Figure 2-20. (A) The UV-vis spectrum of Compound 9c in CH2Cl2; (B) The UV-vis spectrum of
Compound 9d in CH2Cl2.
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Figure 2-21. (A) The UV-vis spectrum of Compound 9c (red) in CH2Cl2 compared to Compound
8c (black) in CH2Cl2; (B) The UV-vis spectrum of Compound 9d (red) in CH2Cl2 compared to
Compound 8d (black) in CH2Cl2.
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CHAPTER 3: PHOTOPHYSICAL STUDY OF BODIPY-CONJUGATED COMPLEXES AND
A BNAX DERIVATIVE
3.1 Introduction
A common way to expand the spectrum of a red or near-IR emitter chromophore is through
the use of visible fluorophores and phosphors.59-62 Through the Förster / fluorescence resonance
energy transfer (FRET) mechanism, these visible chromophores act as donors to a red or near-IR
emitter, which acts as an acceptor. The conditions for FRET to occur are simple in that a donor’s
emission spectrum must overlap the acceptor’s absorption spectrum before the acceptor’s emission
spectrum. Porphyrin chromophores are ideal acceptors in that these compounds absorb throughout
the visible spectrum with an intense Soret band typically between 400 to 500 nm and emit in the
red to the near-IR region between 600 to 800 nm. These systems provide an easily accessible
scaffold that can be modified through the use of substituted benzaldehydes, substituted pyrroles,
and axial ligands.45-47 Unlike porphyrin chromophores, salen chromophores have a range of
absorption maxima throughout the visible spectrum, typically between 200 to 500 nm, that are
dependent heavily on the solvent and diamine bridge.84 Boron dipyrrin (BODIPY) dyes provide
an excellent example of donors in that these dyes absorb and emit intensely between 500 to 700
nm, depending on the substituents on the BODIPY core, with moderate quantum yields. 62-64
Thus, our research group synthesized several covalently and axially bound BODIPYporphyrin and salphen conjugates shown in Scheme 3-1 and investigated their photophysical
properties through fluorescence and catalytic studies to determine if there was an efficient
electronic energy transfer (EET) from the BODIPY antennae to porphyrin / salphen chromophore
cores. While BODIPY dyes have excellent photophysical properties for porphyrin and
porphyrinoid acceptors, these dyes typically require a time-consuming synthesis, the use of exotic
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reagents (trifluoroacetic acid, boron trifluoride diethyl etherate, substituted pyrroles, etc.), and / or
have low yields over the course of multiple steps.64

Scheme 3-1. Light-harvesting systems and components discussed in this study.
Due to the flaws of BODIPY dyes, our group has investigated an emerging series of organic
dyes in the form of polycyclic aromatic cations containing heteroatoms. One of these dyes,
benzo[5,6]naphthaceno[1,12,11,10-jklmna]xanthylium or BNAX cations (5), was synthesized and
its photophysical properties have been investigated.
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3.2.

5,10,15,20-Tetrakis(4-(4,4-difluoro-3,5-dimethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)

phenyl)porphyrin [H2(L-Por)] (1) and metal complexes [M(L-Por)X] (2a-c)
A series of BODIPY-porphyrin conjugates denoted as L-Por henceforth were previously
synthesized and their photophysical properties were evaluated in this study. Unlike the salphen
systems discussed further in this section, porphyrins and their complexes are an optimal system to
append light-harvesting moieties, i.e., BODIPY, BNAX, etc., either covalently to the ligand or
axially to the metal center, as they absorb almost all light throughout the visible region with a large
Soret band in the blue to the indigo region (between 400-480 nm) and emit in the red to near-IR
region (between 600-800 nm). In accordance with the FRET mechanism, the BODIPY-antennae
act as the donor to the porphyrin core acceptor as shown in Figure 3-1 and schematically in Scheme
3-2. This should allow for an efficient EET from the BODIPY to the porphyrin and, in theory,
enhance the catalytic properties of this new light-harvesting catalyst.
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Figure 3-1. Normalized (A) absorption and (B) emission (Excitation - 415 nm, dashed line; and
515 nm, dashed and dotted line) spectra for [H2(TPP)] (black) and 4a (purple). All spectra were
taken in CH2Cl2.
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Figure 3-2. Reaction profiles of the light effect on the oxidation of thioanisole (0.5 mmol) with
PhI(OAc)2 (0.75 mmol) in CH3OH (2 mL) at room temperature in the presence of H 2O (4.5μL)
catalyzed by 0.75 µmol [RuII(L-Por)(CO)] 2c: with visible light irradiation (circle); without
visible light irradiation (hollow circle). Aliquots were taken at selected time intervals for GC
analyses.

We have shown this enhanced catalytic activity in a recent publication 85 with the ruthenium
light-harvesting porphyrin catalyst over an ideal catalyst that lacked the BODIPY moieties. The
results in Figure 3-2 indicated that irradiation with visible light provided a significant effect on the
oxidation of thioanisole when catalyzed by the ruthenium L-porphyrin complex (2c). Without
visible light irradiation, the oxidation of thioanisole proceeded slowly, resulting in a conversion of
63% after 2 h and 96% after 4 h; however, with visible light irradiation, the reaction began to
accelerate after 10 min and continued throughout the reaction resulting in a conversion of 99%
after only 1.5 h. Visible light irradiation resulted in roughly a 3 times increase to the rate of the
reaction when compared to without light irradiation.
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Scheme 3-2. Schematic representation of the energy transfer observed in the L-Por system (1
and 2a-c).
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Figure 3-3. Comparison of the normalized absorption spectra of the bare TPP ligand / complexes
(black) and BODIPY-benzaldehyde 4a (black) components with its respective L-Por: (A) 1 (red);
(B) 2a (yellow); (C) 2b (green); (D) 2c (blue). All spectra were taken in CH2Cl2.
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The broadening of the porphyrin Soret bands shown in Figure 3-3 of the initial ligand and
its complexes compared to the BODIPY appended ligand and its complexes indicated a ground
state interaction of the porphyrin core and the BODIPY moieties, thus the emission spectra in
Figure 3-4 of the BODIPY appended ligand and its complexes were investigated as well as the
bare TPP ligand for comparison. As shown in Figure 3-3, the lack of broadening of the BODIPY
bands as compared to the porphyrin Soret bands was another indication for the selective and
efficient one-way energy transfer from the BODIPY antennae (4a) to the porphyrin core that is
demonstrated schematically in Scheme 3-2. When excited at 415 nm (porphyrin Soret) the
BODIPY appended ligand’s porphyrin fluorescence intensity (600-800 nm) was significantly
quenched (≈50%) compared to the bare ligand as demonstrated in Figure 3-4, which indicated that
there was a substantial amount of electron transfer86,87 from the BODIPY antennae to the porphyrin
core. However, when excited at 515 nm (BODIPY) the BODIPY appended ligand had almost the
same intensity of porphyrin fluorescence (600 - 800 nm) as well as minor BODIPY fluorescence
(500 - 600 nm), while the bare ligand displayed only minor porphyrin fluorescence, thus further
indicating an efficient energy transfer87-90 from the BODIPY antennae to the porphyrin core.

44

A

B

1600

40
Intensity (AU)

1200
Intensity (AU)

50

800
400

30
20
10

0

0
500

C

600
700
Wavelength (nm)

800

500

D

25

800

600
700
Wavelength (nm)

800

100
80

Intensity (AU)

20
Intensity (AU)

600
700
Wavelength (nm)

15
10

60
40

5

20

0

0
500

600
700
Wavelength (nm)

800

500

Figure 3-4. Comparison of (A) [H2(TPP)] (black) and 1 (red); (B) 2a (yellow); (C) 2b (green);
(D) 2c (blue) emission (Excitation - 415 nm, solid line; and 515 nm, dashed line) spectra. All
spectra were taken in CH2Cl2 at a concentration of 1x10-6 M. Note the scale of the metal L-Por
complexes compared to the TPP and L-Por free ligands.
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3.3 Iron(III) [tetrakis-5,10,15,20-(phenyl)porphyrin] (4,4-difluoro-8-(4-hydroxyphenyl)-3,5dimethyl-4-bora-3a,4a-diaza-s-indacenato)] (3)
An axially appended BODIPY-porphyrin conjugate was synthesized through a simple axial
ligand exchange reaction with the bare [FeIII(TPP)Cl] and a phenolic BODIPY dye. The axial
ligand exchange occurred under basic conditions with a stoichiometric amount of sodium
hydroxide to phenolic-BODIPY dye at room temperature as opposed to either sodium hydride 90 or
at reflux87 as demonstrated previously. This simple procedure afforded the axial BODIPYporphyrin phenolate complex with a moderate yield (≈ 70 % vs. 79 %) in a fraction of the time (3
h vs. 12 h) reported previously while being conducted in an open atmosphere as opposed to argon
or nitrogen atmospheres.87 The absorption spectrum for the axially appended BODIPY-porphyrin
conjugate in Figure 3-5 displayed a broadening of the porphyrin Soret bands while leaving the
BODIPY band unchanged.
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Figure 3-5. Absorption spectra for 3 (black), [FeIII(TPP)Cl] (red), and 4b (yellow). All spectra
were taken in CH2Cl2 at a concentration of 5x10-6 M.
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This indicated a ground state energy interaction of the BODIPY-phenolate axial ligand
(4b) with the iron porphyrin core as well as a one-way energy transfer from the BODIPY antenna
to the iron porphyrin chromophore that is demonstrated schematically in Scheme 3-3. As discussed
previously in Figure 3-1, porphyrins and metalloporphyrins display excellent absorption and
emission properties that allow for an EET from the BODIPY dye to the porphyrin chromophore
based on the FRET mechanism; thus, the emission spectrum of the iron BODIPIY phenolate
porphyrin complex was investigated.

Scheme 3-3. Schematic representation of the energy transfer observed in the iron axial BODIPY
porphyrin system (3).
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The fluorescence intensity of this iron porphyrin complex as shown in Figure 3-6 was
unprecedented in the field of metalloporphyrin chemistry, especially at the concentration (1x10 -7
M) used in the study, as metalloporphyrins with transition metals typically quench most of the
observable fluorescence intensity. The iron complex (2b) of the covalently appended BODIPYporphyrin ligand (1), which contained four BODIPY moieties, displayed little to no fluorescence
at identical (1x10-7 M) or higher concentrations (1x10-6 M, Figure 3-4C) to the iron BODIPY
phenolate porphyrin complex (3). As shown in Figure 3-6A, the phenolic-BODIPY (4b) used to
synthesize the coordination complex displayed a lower fluorescence intensity then the complex.
This observed increase in fluorescence of the BODIPY-moiety (Figure 3-6A) with almost
complete quenching of the porphyrin moiety (Figure 3-6B) was due to the significant electron
transfer from the phenolate to porphyrin electron transfer induced by the tendency of phenolate
ligands to form phenoxyl radicals.87,91-93
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Figure 3-6. Comparison of the emission (Excitation - 420 nm, solid line; and 515 nm, dashed line)
spectra for 3 (black) and 4b (yellow). (A) At full scale; (B) Magnified by 20 times the original.
All spectra were taken in CH2Cl2 at a concentration of 1x10-7 M.
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3.4 7-Formyl-benzo[5,6]naphthaceno[1,12,11,10-jklmna]xanthylium bromide (5)
Benzo[5,6]naphthaceno[1,12,11,10-jklmna]xanthylium or BNAX cations are a relatively
unexplored field of fluorescent compounds that provide a similar absorption spectrum to BODIPY
compounds, specifically the 2,6-diiodo derivative of BODIPY dyes. 94 While BNAX dyes display
similar absorption and fluorescence properties to BODIPY dyes as shown in Figure 3-7 and
schematically in Scheme 3-4, these compounds have a multitude of advantages over BODIPY
dyes. These advantages include: the synthesis and purification of BNAX dyes is facile, the starting
materials of BNAX dyes are cheaper and readily available in comparison to BODIPY dyes, BNAX
intermediates are not air / light sensitive, and BNAX dye yields are often greater than those of
BODIPY dyes.

Scheme 3-4. Schematic representation of the fluorescence observed in the BODIPYbenzaldehyde (4a) compared to the BNAX-aldehyde (5).
The advantages of BNAX dyes were demonstrated when comparing the synthesis of the
BNAX-aldehyde 5 to the BODIPY-benzaldehyde 4a that our group had demonstrated in a recent
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publication. The BODIPY derivative was obtained with yields ranging from 14% 85 to 24%95 over
the course of three steps while the BNAX derivative was obtained with a 57% yield throughout
four steps. The major disadvantage of the BNAX dyes was the initial solubility of the bromide
derivatives, but this should easily be remedied through further substitution or through the exchange
of the bromide anion with more organic soluble anions such as tetrafluoroborate,
hexafluorophosphate, or trifluoroacetate. The 14-aryl-14H-dibenzo[a,j]xanthenes, which provide
the base of BNAX cations, provide a simple scaffold that can be easily modified through the use
of substituted benzaldehydes75,76,96 or β-naphthols.76,97 The 14-aryl-14H-dibenzo[a,j]xanthenes
can easily be oxidized by dilute bromide76 or their hydroxy counterparts, 14-aryl-14Hdibenzo[a,j]xanthene-14-ols, can be dehydrated by strong acids77 to yield the corresponding 14aryl-dibenzo[a,j]xanthenium cations in high yields. The 14-aryl-dibenzo[a,j]xanthenium cations
undergo two photocyclizations to yield the BNAX cations in moderate to high yields. 76
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Figure 3-7. Comparison of the normalized (A) absorption and (B) emission (Excitation - 580 nm,
black dashed line; and 515 nm, red dashed line) spectra for 5 (black) and 4a (red). All spectra were
taken in CH2Cl2.
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The photophysical properties of the BNAX-aldehyde 5 were investigated and compared to
the BODIPY-benzaldehyde 4a. As demonstrated in Figure 3-8, the observed fluorescence intensity
of the BNAX derivative was substantially greater than the fluorescence intensity of the BODIPY
derivative at identical concentrations (1x10-7 M) when excited at the optimal wavelengths: 580 nm
and 515 nm, respectively, for each system. With this in mind, as well as the EET shown for the
BODIPY-porphyrin conjugates by our group previously,85 it can be inferred that replacing the
BODIPY antennae with BNAX antennae should result in the same, if not more significant, EET
and enhance the catalytic and light-harvesting properties of these novel metalloporphyrins or even
metallophthalocyanines / metalloporphyrazines.
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Figure 3-8. Comparison of the emission spectra for (A) 5 (Excitation - 540 nm, black solid line;
and 580 nm, black dashed line); (B) 4a (Excitation - 480 nm, red solid line; and 515 nm, red dashed
line). All spectra were taken in CH2Cl2 at a concentration of 1x10-7 M. Note the scale of the BNAXaldehyde (A) compared to the BODIPY-benzaldehyde (B).
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Through Figure 3-9, it can easily be visualized that the BNAX antennae would result in the
desired EET as the BNAX absorption and emission spectrum overlap the porphyrin absorption
spectrum before the porphyrin emission spectrum, while the porphyrin emission spectrum begins
after the BNAX absorption. This should result in the BNAX transferring energy to the porphyrin
core, but not the inverse.

B
1.0

1.0

0.8

0.8

Intensity (AU)

Absorbance (AU)

A

0.6
0.4

0.6
0.4

0.2

0.2

0.0

0.0
300

500
700
Wavelength (nm)

500

600
700
Wavelength (nm)

800

Figure 3-9. Normalized (A) absorption and (B) emission (Excitation - 540 nm, black dashed line;
and 415 nm, yellow dashed line) spectra for 5 (black) and [H2(TPP)] (yellow). All spectra were
taken in CH2Cl2.
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3.5 N,N'-Bis(3-(4,4-difluoro-3,5-dimethyl-4-bora-3a,4a-diaza-s-indacene-8-yl)-salicylidene)1,2-phenylenediamine [H2(L-Salphen)] (6) and metal complexes [M(L-Salphen)X] (7a-b)
A series of BODIPY-salphen conjugates dubbed L-salphen henceforth were previously
synthesized and their photophysical properties were in this study. These systems are known to
display exceptional fluorescence properties98-100 with their complexes being used to detect trace
metal cations99 as well as chemical warfare agents.100 As shown in the UV-Vis spectrum of Figure
3-10, the acceptor and donor properties of the salphen core and BODIPY antennae, respectively,
are reversed and thus would prevent the favorable Förster resonance energy transfer (FRET) to
occur in these systems. The unintended one-way energy transfer away from the salphen core to the
BODIPY moieties is represented in Scheme 3-5. This one-way energy transfer away from the
salphen core indicated that any beneficial light effects demonstrated from these catalysts were
unlikely to be the result of an EET and are likely results of other factors.

Scheme 3-5. Schematic representation of the energy transfer observed in the L-Salphen system
(6 and 7a-b).
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Figure 3-10. Normalized (A) absorption and (B) emission (Excitation - 320 nm, black dashed line;
and 515 nm, blue dashed line) spectra for [H2(Salphen)] (black) and 4c (blue). All spectra were
taken in CH2Cl2.

Even so, the emission spectra of these compounds were investigated to confirm our initial
suspicions. The results shown in Figures 3-11B, 3-12B, and 3-13B indicate that there was likely
an energy transfer from the salphen core to the BODIPY antennae, but not the inverse. However,
the broadening of the salphen and BODIPY bands, as compared to the original components, in
Figures 3-11A, 3-12A, and 3-13A indicated a ground state interaction between the salphen core
and BODIPY moieties. Thus, the effect of visible light to promote the catalytic oxidation of
thioanisole was investigated with these salphen-BODIPY conjugates.
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Figure 3-11. (A) Normalized absorption spectra of the bare Salphen ligand and BODIPY 4c
components (black) against 6 (red) in CH2Cl2; (B) Emission (Excitation - 380 nm, solid line; and
515 nm, dashed line) spectra for 6 (red) taken in CH2Cl2 at a concentration of 5x10-7 M.
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Figure 3-12. (A) Normalized absorption spectra of the bare Salphen ligand and BODIPY 4c
components (black) against 7a (yellow) in CH2Cl2; (B) Emission (Excitation - 380 nm, solid line;
and 515 nm, dashed line) spectra for 7a (yellow) taken in CH2Cl2 at a concentration of 5x10-6 M.
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Figure 3-13. (A) Normalized absorption spectra of the bare Salphen ligand and BODIPY 4c
components (black) against 7b (green) in CH2Cl2; (B) Emission (Excitation - 380 nm, solid line;
and 515 nm, dashed line) spectra for 7b (green) taken in CH2Cl2 at a concentration of 5x10-6 M.
The results in Table 3-1 and Figure 3-14A indicated that irradiation with visible light
provided some significant effect on the oxidation of thioanisole when catalyzed by the chromium
L-salphen complex (7a). Without visible light irradiation, the oxidation of thioanisole proceeded
in a linear fashion and resulted in a conversion of 58% after 1 h; however, with visible light
irradiation, the reaction began to accelerate after 15 min and continued throughout the course of
the reaction resulting in a conversion of 96% in 1 h. The beneficial effect of visible light irradiation
was not pronounced with the manganese complex (7b) and its reaction proceeded relatively the
same as without visible light irradiation as indicated in Figure 3-14B. The beneficial light effect
on the chromium complex catalyzed sulfoxidation, while not believed to be the result of an EET
as it would go against the FRET mechanism, was presumably due to the destabilization of the
meta-stable chromium-oxo bond through the increased energy of the visible light irradiation.
Further experiments with the unsubstituted chromium salphen complex will elucidate this.
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Table 3-1. Catalytic sulfoxidation of thioanisole with L-Salphen complexes. a
Entry
1
2d
3
4d
5e
6de
a

b
c
d
e

Time (min) Conversion b Selectivity c TON
60
58
97:03
563
60
96
98:02
941
III
[Mn (L-Salphen)Cl] 7b
60
95
83:17
789
60
100
83:17
830
60
94
89:11
1673
60
99
85:15
1683
All reactions were performed in CH3OH (2 mL) at ca. 23°C with 1.5 equiv. of PhI(OAc)2
(0.75 mmol), thioanisole (0.5 mmol), 0.1 mol% (0.5 µmol) catalyst in the presence of H 2O
(4.5 μL); only sulfoxide and small amounts of sulfone were detected by GC-MS analysis
of the crude reaction mixture.
Based on the conversion from substrate to products.
Ratio of products (sulfoxide : sulfone).
Conducted with visible light irradiation (λmax = 420 nm) in a Rayonet reactor.
0.05 mol% (0.25 µmol) catalyst loading.
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Figure 3-14. Reaction profiles of the light effect on the oxidation of thioanisole (0.5 mmol) with
PhI(OAc)2 (0.75 mmol) in CH3OH (2 mL) at room temperature in the presence of H 2O (4.5μL)
catalyzed by 0.5 µmol [CrIII(L-Salphen)Cl] 7a (A) or [MnIII(L-Salphen)Cl] 7b (B): with visible
light irradiation (circle); without visible light irradiation (hollow circle). Aliquots were taken at
selected time intervals for GC analyses.
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CHAPTER 4: CATALYTIC OXIDATION OF SULFIDES WITH IRON
PHTHALOCYANINES WITH FURTHER STUDIES INTO THE ACTIVE OXO-SPECIES
4.1 Introduction
The selective oxidation of sulfides into sulfoxides is of great importance to several
pharmaceutical products,101-103 while the complete oxidation of mercaptans and sulfides is
industrially relevant as these compounds contaminate crude oil and must be removed to a certain
degree before it can be further refined.43,44 Metallophthalocyanine catalysts have profound use in
aerobic oxidation33-37 but their use with terminal oxidants is limited.38-42 The Merox process
illustrates the largest use of metallophthalocyanine catalysts present in the industry today through
the “sweetening” of crude oil.43,44 This “sweetening” refers to the aerobic oxidation of mercaptans
/ sulfides present in crude oil catalyzed by sulfonated cobalt phthalocyanine.
The use of iron phthalocyanine catalysts in the oxidation of organic substrates is believed
to react in a similar manner to iron porphyrin catalysts in that the active oxo-species is either a
Compound I or Compound II derivative. Several publications have presented evidence for this
through the use of EPR measurements as well as oxidized substrates / solvents present in the
oxidation trials.104,105 To date, only one active oxo-species of iron(III) phthalocyanine chlorides
[FeIII(Pc)Cl] has definitively been characterized by Afanasiev and co-workers. 106
In continuation with our group’s demonstration of PhI(OAc)2 in the selective oxidation of
sulfides to sulfoxides,68-72 a protocol once involving manganese porphyrin systems in the catalytic
oxidation of thioanisoles with PhI(OAc)2 as a terminal oxidant has been adapted to accommodate
manganese and iron phthalocyanine systems. In the majority of trials, substituted thioanisoles were
quantitatively converted and selectivity oxidized to sulfoxides with high to excellent selectivities
(70 - 99%). The active intermediate of the [Fe III(Pc)Cl] catalytic system was also probed with
PhI(OAc)2 to determine if there were any distinguishable spectroscopic intermediates.
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4.2 Results and Discussion
4.2.1 Screening Study
The use of PhI(OAc)2 as a mild oxidizing reagent in metalloporphyrin and metallocorrole
generation and oxidation reactions has been generously explored over the past decade; however,
its use in metallophthalocyanine catalyzed sulfide oxidation has yet to be explored. 68-72,107 Herein, two commercially available metallophthalocyanines, containing metals of manganese and iron,
were initially screened to determine which metal would require further pursuit. It was apparent
through these initial results as shown in Figure 4-1A that iron phthalocyanines, previously denoted
9a-d in Schemes 2-9 and 2-10, would warrant further studies as the oxidation of thioanisole with
iron(III)phthalocyanine chloride (Table 4-1 Entry 1) resulted in complete conversion over 1 h with
moderate selectivity for sulfoxide (≈80%). By contrast manganese(III) phthalocyanine chloride
(Table 4-1 Entry 2) did not complete the reaction within an hour with a moderate selectivity
(≈85%).
The greatest insight gained from this initial screening was that the unsubstituted
metallophthalocyanines, which are known to be highly chemically and thermally stable, were
susceptible to gross oxidative degradation as the bleaching of the catalyst was apparent within
seconds after the introduction of PhI(OAc)2. This result drove the synthesis of
metallophthalocyanine catalysts with various electronic and steric environments (9b, 9c, and 9d)
to hopefully resolve the issue of oxidative degradation. The effects of halogenation on the
phthalocyanine core have been known to improve the stability of as well as the solubility, in cases
of fluorination50, of the core structure. The introduction of steric groups48,49 such as tert-butyl
groups or long chain alkyl and alkoxy groups have been known to drastically increase the solubility
of phthalocyanines due to the disruption of the π-π stacking that produce J- and H-aggerates
common with the unsubstituted phthalocyanine. 53-55 J- and H-aggerates drastically lower the
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solubility as well as the reactivity of metallophthalocyanine catalysts through the formation of
large aggregates that fall out of solution while also preventing access to the preferred metal center
of the catalyst.108 This loss of a metal center could lead to the formation of N-oxide moieties at the
meso-nitrogens of the phthalocyanine resulting in destabilization and further decomposition of the
phthalocyanine’s core.39
Table 4-1. Catalytic sulfoxidation of thioanisole with various metallophthalocyanine complexes. a
Entry
1
2
3
4
5
a

b
c

Time
Conversion b Selectivity c TON
(min)
III
[Fe (H16-Pc)Cl] 9a
60
99
81:19
401
III
[Mn (H16-Pc)Cl] 10a
60
74
86:14
318
III
[Fe (Cl16-Pc)Cl] 9b
60
84
95:05
399
III
[Fe (α-(OBu)8-β-H8-Pc)Cl] 9c
60
100
99:01
495
III
[Fe (α-(OBu)8-β-Cl8-Pc)Cl] 9d
60
84
93:07
391
All reactions were performed in CH3OH (2 mL) at ca. 23°C with 1.5 equiv. of PhI(OAc)2
(0.75 mmol), substrate (0.5 mmol), 0.2 mol% (1 µmol) catalyst in the presence of H 2O (4.5
μL). The substrate and catalyst are loaded separately. Only sulfoxide and small amounts of
sulfone were detected by GC-MS analysis of the crude reaction mixture.
Based on the conversion from substrate to products.
Ratio of products (sulfoxide : sulfone).
Catalyst 9b had a notable increase in stability compared to catalysts 9a, 9c, and 9d, in that
Catalyst

it was the only catalyst not bleached over the course of the reaction; however, the reactivity of 9b
took a sharp dive compared to 9a as shown in Table 4-1 and Figure 4-1B. The reactivity of catalyst
9b can easily be rationalized through the formation of a μ-oxo bis-iron(III) phthalocyanine
dimer33,109 preventing the formation of a Compound I or II analogue unless cleaved. The increased
solubility of catalyst 9c through the introduction of the long-chain butlyoxy compared to the
unsubstituted catalyst 9a resulted in a gradual reaction profile as well as less oxidative degradation
compared to catalyst 9a. This resistance to degradation could have resulted from the butlyoxy
groups blocking the meso-nitrogens and thus generated a desirable oxo-species at the metal center
as opposed to the μ-oxo-species likely generated by catalyst 9b.
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Figure 4-1. Reaction profiles of the oxidation of thioanisole (0. 5 mmol) with PhI(OAc) 2 (0.75
mmol) in CH3OH (2 mL) at room temperature catalyzed by 0.5 µmol catalyst in the presence of
H2O (4.5 μL) with 1,2,4-trichlorobenzene (0.1 mmol) added as an internal standard. (A) 10a
(hollow circle) and 9a (solid circle); (B) 9a (black), 9b (red), 9c (yellow), and 9d (green). Aliquots
were taken at selected time intervals for GC analyses.
4.2.2 Substrate Scope
The scope of the iron phthalocyanine-catalyzed oxidation of sulfides was evaluated through
the oxidation of 5 para-substituted thioanisoles with various electronic effects: thioanisole, 4fluorothioanisole, 4-chlorothioanisole, 4-methylthioanisole, and 4-methoxythioanisole. The
reactions were monitored over the course of 2 hours through aliquots taken at specific time
intervals that were analyzed by GC-MS to determine the conversion of substrate to products with
the results being given in Table 4-2. The selectivity of products was given as a ratio of sulfoxide
to sulfone, in which, sulfoxide was the desired product. The catalyst chosen for this study was 9c
due to the commercial availability of the ligand 8c which allows for easy replicability and
metalation with the desirable solubility that the butlyoxy groups provide. All substrates were
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completely consumed within 1 hour as shown in Figure 4-2 but continued to increase in selectivity
towards sulfoxide over the course of the reaction as shown in Table 4-2. The oxidation of parasubstituted thioanisoles with catalyst 9c resulted in moderate to high selectivity (≈70 to >99%) of
the desired sulfoxide favoring no discernable electronic environment as 4-H and 4-OMe resulted
in >99% selectivity towards sulfoxide over sulfone but 4-Me resulted in only ≈80% selectivity of
sulfoxide to sulfone. Both electron-withdrawing substituents performed par for the course with
selectivities of sulfoxide to sulfone of approximately 70% and 80% for 4-Cl and 4-F, respectively.
Table 4-2. Catalytic sulfoxidation of substituted thioanisoles by catalyst 9c. a
Time
(min)

Conv. b
(%)

Selectivity c

TON

1

40
60

99
100

97:03
99:01

480
495

2

60
120

100
100

80:20
84:16

400
420

3

60
120

100
100

69:31
72:28

345
360

4

60
120

100
100

76:24
78:22

380
390

5

40
60

100
100

98:02
99:01

490
495

Entry

Substrate

Product

a. All reactions were performed in CH3OH (2 mL) at ca. 23°C with 1.5 equiv. of PhI(OAc)2
(0.75 mmol), substrate (0.5 mmol), 0.2 mol% catalyst (1 µmol) in the presence of H 2O
(4.5μL); only sulfide was detected by GC-MS of the crude reaction mixture.
b. Based on the conversion from substrate to products.
c. Ratio of products (sulfoxide : sulfone).
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The reaction profiles of the various para-substituted thioanisoles were plotted below in
Figure 4-2, in which a general trend of reactivity was displayed. There was an initial burst of
reactivity that resulted in a majority of substrate conversion as well as the bleaching of most of the
catalyst within the first 5 to 10 min of the reaction. This initial burst displayed that the
metallophthalocyanine catalyst could not handle the generated oxo-species at room temperature
and tore itself apart in the process of oxidizing the substrate, rather than regenerating the catalyst.
A general trend of electron-donating substrates (4-Me and 4-OMe) reacting slightly faster than
electron-withdrawing substrates (4-F and 4-Cl) was observed during the course of the study.
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Figure 4-2. Reaction profiles of the oxidation of a para-substituted thioanisole (0. 5 mmol) with
PhI(OAc)2 (0.75 mmol) in CH3OH (2 mL) at room temperature catalyzed by 0.5 µmol catalyst in
the presence of H2O (4.5 μL) with 1,2,4-trichlorobenzene (0.1 mmol) added as an internal
standard. Aliquots were taken at selected time intervals for GC analyses.
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4.3 Generation Study
Catalysts 9a and 9c were probed using UV-Vis spectroscopy to gain insight into the active
oxidizing species through the potential spectral changes that might occur. Catalyst 9c has been the
model system throughout this study, while 9a was the unsubstituted phthalocyanine ligand. Both
catalysts could generate useful insights into the oxidation chemistry of iron phthalocyaninecatalyzed oxidation reactions as there has only been one definitive characterization of an active
oxo-species to date by Afanasiev and co-workers106 as opposed to the iron porphyrin catalysts
which have been thoroughly characterized throughout the last century. Thus, catalysts 9a and 9c
were both investigated at room temperature in dichloromethane with the use of the 1.5 equivalents
of the mild oxidant PhI(OAc)2. Each generation study took place over the course of 1 min as shown
in Figures 4-3 and 4-4, with each catalyst quickly degrading in the following minutes after
generation of the putative oxo-species. The degradation could be prevented though the addition of
triphenylphosphine, which resulted in the formation of a different B-band from the initial spectrum
(results not shown). The generated spectrum of both catalysts bear striking similarities to the
findings of Afanasiev and co-workers106 in the generation of [iron(IV)-oxo tetra(tertbutyl)phthalocyanine chloride]·+ with [iron(III)tetra(tert-butyl)phthalocyanine chloride] and mCPBA in acetone, in that, the B-band has a blue-shift while it gradually dampens and broadens.
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Figure 4-3. Time-resolved spectra of the generation of a potential oxo-species from catalyst 9a in
CH2Cl2 with PhI(OAc)2 (1,5 equiv.) at room temperature over the course of 48 s.
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Figure 4-4. Time-resolved spectra of the generation of a potential oxo-species from catalyst 9c in
CH2Cl2 with PhI(OAc)2 (1.5 equiv.) at room temperature over the course of 60 s.
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CHAPTER 5: CONCLUSION AND FUTURE STUDIES
In summary, a novel axially appended iron porphyrin BODIPY conjugate was synthesized
and its photophysical properties were investigated. It was shown that this conjugate displays an
enhanced energy and electron transfer that greatly increases the BODIPY fluorescence when
compared to the original BODIPY dye while quenching the porphyrin fluorescence. A novel lightharvesting BNAX-aldehyde was synthesized and its photophysical properties were compared to
the equivalent BODIPY-benzaldehyde. The results indicated a greater fluorescence intensity at
identical concentrations for the BNAX derivative compared to the BODIPY derivative. This initial
result as well as the simplified synthesis of BNAX dyes compared to BODIPY dyes are currently
being investigated by our group as an antenna for novel light-harvesting porphyrin and
porphyrinoid compounds. A series of BODIPY-porphyrin and -salphen conjugates were
investigated to determine their photophysical properties and potential EET. It was shown that the
covalently appended BODIPY-porphyrin conjugates displayed an EET from the BODIPY
antennae to the porphyrin core, while the covalently appended BODIPY-salphen conjugates did
not display this desired effect.
A series of known phthalocyanine ligands and their iron complexes were synthesized and
their potential as oxidation catalysts was probed in the oxidation of substituted thioanisoles. The
results indicated that the electron-donating catalysts displayed greater reactivity compared to the
electron-withdrawing catalysts. The electron-withdrawing catalysts displayed greater stability
toward catalyst bleaching but reacted slower in comparison to the electron-donating catalyst. This
slower reactivity was believed to be due to the formation of the dimeric μ-oxo species over the
course of the reaction which requires greater energy to cleave and return to an active oxidizing
species. The active oxo-species of the unsubstituted (9a) and electron-donating (9c) iron
phthalocyanine catalysts was investigated with PhI(OAc)2 as a terminal oxidant and the punitive
66

oxo-species generated was in good agreement with the well characterized iron(IV)-oxo radical
phthalocyanine cation.
The ultimate goals of this research were to design novel light-harvesting complexes and
aldehydes that could be used as a basis for future studies as well as to determine if there was an
EET from previous BODIPY conjugates that were synthesized in our research group. It is evident
that a favorable EET occurred for the BODPIY-porphyrin conjugates that tended to enhance their
catalytic properties compared to the bare ligand. This favorable EET was not seen in the
fluorescence study of the BODIPY-salphen conjugate, but nonetheless a favorable light promoted
interaction was observed with the chromium L-salphen complex. This phenomenon was believed
to due to the destabilization of the meta-stable chromium-oxo bond from the visible light, instead
of an energy transfer from the BODIPY moieties; however, planned future studies will truly
illuminate this phenomenon. The novel light harvesting BNAX-aldehyde displayed several key
advantages over the BODIPY-benzaldehyde counterpart in that the synthesis was facile and could
be carried out on gram-scale, the purification of the final products and the intermediates did not
require chromatographic purification, and the overall percent yield was 56% in four steps
compared to the 14% that our group obtained previously for the BODIPY-benzaldehyde.
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